Transcriptional responses to four weak organic acids (benzoate, sorbate, acetate and propionate) were investigated in anaerobic, glucose-limited chemostat cultures of Saccharomyces cerevisiae. To enable quantitative comparison of the responses to the acids, their concentrations were chosen such that they caused a 50% decrease of the biomass yield on glucose. The concentration of each acid required to achieve this yield was negatively correlated with membrane affinity. Microarray analysis revealed that each acid caused hundreds of transcripts to change by over twofold relative to reference cultures without added organic acids. However, only 14 genes were consistently upregulated in response to all acids. The moderately lipophilic compounds benzoate and sorbate and, to a lesser extent, the less lipophilic acids acetate and propionate showed overlapping transcriptional responses. Statistical analysis for overrepresented functional categories and upstream regulatory elements indicated that responses to the strongly lipophilic acids were focused on genes related to the cell wall, while acetate and propionate had a stronger impact on membrane-associated transport processes. The fact that S. cerevisiae exhibits a minimal generic transcriptional response to weak organic acids along with extensive specific responses is relevant for interpreting and controlling weak acid toxicity in food products and in industrial fermentation processes.
Introduction
Short-chain weak organic acids are potent inhibitors of microbial growth and are widely applied as preservatives in food and beverages. At low extracellular pH, weak acids occur predominantly in the undissociated form, which has relatively high membrane permeability. After entry into the cell via passive diffusion, the higher pH of the cytosol causes dissociation of the acid, thus acidifying the cell and triggering the ATP-dependent efflux of protons (Pampulha & Loureiro-Dias, 1989) . Consequently, weak acids can cause, at the very least, a transient reduction of intracellular ATP levels (Holyoak et al., 1996) . At high concentrations, ATP exhaustion, acidification of the cytoplasm and dissipation of the proton-motive force may occur (Imai & Ohno, 1995) . This 'weak-acid uncoupling' mechanism is customarily cited as the major mechanism underlying weak organic acid toxicity (Krebs et al., 1983; Salmond et al., 1984; Russell, 1991) . In addition, the anion of the weak acid, which is much less membrane-permeable than the undissociated acid, accumulates intracellularly, where it may reach toxic concentrations (Pampulha & Loureiro-Dias, 1990; Russel, 1992) . Membrane disruption (Krebs et al., 1983; Holyoak et al., 1999) and enzyme inhibition have been proposed as possible mechanisms of anion toxicity. Furthermore, benzoate and acetate have been implicated in inhibition of autophagy and induction of apoptosis, respectively (Ludovico et al., 2001; Hazan et al., 2004) .
Despite the negative impact of weak organic acids on growth, many spoilage organisms, including yeasts, can adapt and proliferate at the maximum legal dosage of preservatives. As such, considerable economic loss is imparted in combination with consumer concern (Tudor & Board, 1993; Thomas, 1993) . A better understanding of the underlying molecular and regulatory responses is crucial for the development of preservation strategies to prevent microbial-mediated food spoilage.
Short-chain organic acids also occur as inhibitory compounds in industrial fermentation processes. One important example is the detrimental effect of acetic acid and other weak acids on the production of bioethanol with the yeast Saccharomyces cerevisiae (Narendranath et al., 2001) . The presence of these naturally occurring metabolites results in substantial economic losses just as observed in the food industry. However, in contrast to applications in food preservation, a greater understanding of weak organic acid toxicity would serve to increase the robustness of biocatalysts under process conditions.
The adaptive response to weak organic acids has been extensively studied in S. cerevisiae. For example, activity of the plasma membrane H 1 -ATPase, Pma1p, has been shown to be modulated in the presence of weak acids (Holyoak et al., 1996) . It has also been shown that many genes upregulated in cells exposed to organic acids are regulated by Msn2p/Msn4p of the general stress response pathway . Furthermore, Pdr12p, which is regulated by War1p (Kren et al., 2003) and facilitates ATPdependent efflux of moderately lipophilic short-chain acid anions, has been identified as a key determinant in organic acid tolerance (Piper et al., 1998) . More recently, additional subsets of genes, which appear to be independent of Msn2/ 4p and War1p, have been discovered. Schüller et al. (2004) identified a group of 21 genes, including HSP30, that were regulated independently of War1p and Msn2/4p in response to sorbate. In addition, Haa1p has been shown to regulate the expression of a small set of genes that, upon their deletion, confer hypersensitivity to acetic, propionic and butyric acid, but not to the more lipophilic compounds benzoic and octanoic acid (Fernandes et al., 2005) .
Although the currently available literature suggests a relationship between lipid solubility of weak organic acids and the physiological responses of S. cerevisiae, a quantitative comparison of the physiological and transcriptional responses to different weak organic acids has not been performed. Indeed, it is unclear whether a 'generic' transcriptional response to weak organic acids exists in this important industrial microorganism.
The aim of the present study was to quantify and compare unity and diversity in the physiological and transcriptional responses of S. cerevisiae to four organic acids: benzoate and sorbate, two moderately lipophilic weak acids, and acetate and propionate, two acids that are much less lipophilic. Anaerobic, glucose-limited chemostat cultures were utilized to compare quantitatively the physiological effects and transcriptional regulation induced by these four acids. This experimental setup has a number of benefits. (1) Chemostat cultures, in contrast to batch or shake-flask cultivation, offer the possibility to study the effect of constant and defined environmental stimuli (concentrations, pH, etc.) at a fixed specific growth rate. (2) In contrast to shake-flasks, chemostat cultures allow for control of pH, which is crucial in studies on weak acids. (3) Anaerobic conditions eliminate consumption of these organic acids and are relevant to many industrial applications where organic acids are present. (4) Although irrelevant for the anaerobic conditions of choice, experiments in shake-flasks, an often used experimental system in weak-acid studies, often progress to oxygen limitation. Besides the choice for anaerobic chemostat cultivation, the comparison was further facilitated by choosing the concentration of each acid such that equivalent biomass yields on glucose were obtained. Although this study does not strive for an exhaustive comparison between each individual acid, the data generated during this study have been made publicly available to facilitate such studies.
Materials and methods

Yeast strain and growth conditions
The laboratory reference strain CEN.PK 113-7D (MATa) was grown at 30 1C in 2-L chemostat fermentors (Applikon, Schiedam, the Netherlands) with a working volume of 1 L using an electronic level sensor to maintain a constant volume. All cultures, including the reference, were fed with minimal medium as described by Verduyn et al. (1992) with 25 g L À1 glucose as the limiting nutrient and 0.15 mL L À1 silicone antifoam (BDH, Poole, UK) to prevent excessive foaming. The dilution rate was set to 0.10 h À1 and the pH was controlled at 5.0 with the automatic addition (ADI 1031 bio controller, Applikon) of 2 M KOH. The stirrer speed was set at 800 r.p.m. and anaerobicity was maintained by sparging the fermentor with N 2 gas at 500 mL min
À1
. To prevent diffusion of oxygen, the fermentor was equipped with Norprene tubing and Viton O-rings and the medium vessel was also flushed with N 2 gas. A comparable degree of weak acid stress was ensured by decreasing the biomass yield to c. 50% of the reference condition (no organic acids added) with the addition of the appropriate concentration of acetic acid, sodium benzoate, propionic acid or potassium sorbate to the reservoir media (Table 1) .
Analytical methods
Chemostat cultures were assumed to be in steady state when, after at least 5 volume changes, the culture dry weight and specific carbon dioxide production rate changed by o 2% over 2 volume changes. Steady-state samples were taken between 10 and 14 volume changes after inoculation to avoid possible evolutionary adaptation during long-term cultivation. Culture dry weights were determined in duplicate via filtration onto dry, preweighed nitrocellulose membranes. Samples were dried in a microwave oven for 20 min at 360 W. Culture supernatants were obtained after centrifugation of chemostat broth or by a rapid sampling method using precooled (À 20 1C) steel beads (Mashego et al., 2003) . For the purpose of flux determination and carbon recovery, supernatants and media were analysed via HPLC using an AMINEX HPX-87H ion exchange column with 5 mM H 2 SO 4 as the mobile phase. Off-gas was first cooled with a condenser (2 1C) and then dried with a Perma Pure dryer (PD-625-12P). CO 2 and O 2 concentrations in the off-gas were measured with an NGA 2000 Rosemount gas analyser.
Microarray analysis
Sampling of chemostat cultures, probe preparation and hybridization to Affymetrix GeneChip microarrays were performed as described previously (Piper et al., 2002) , but with the following modifications. Double-stranded cDNA synthesis was carried out using 15 mg of total RNA and the components of the One Cycle cDNA Synthesis Kit (Affymetrix). The double-stranded cDNA was purified (Genechip Sample Cleanup Module, Qiagen) before in vitro transcription and labeling (GeneChip IVT Labeling Kit, Affymetrix). Finally, labelled cRNA was purified (GeneChip Sample Cleanup Module) prior to fragmentation and hybridization of 15 mg of biotinylated cRNA.
Data acquisition, quantification of array images and data filtering were performed with the Affymetrix software packages MICROARRAY SUITE V5.0, MICRODB V3.0 and DATA MINING TOOL V3.0. All arrays were scaled to a target value of 150 using the average signal from all genes. Expression values below 12 are considered insignificant variations in unexpressed genes and were consequently set to 12 as previously described (Piper et al., 2002) . To enable further study of these data by other researchers in the field of organic acid toxicity/ tolerance the data of the Affymetrix GeneChip microarrays used in this study are available via Gene Expression omnibus series accession number GSE5926 (http://www.ncbi.nlm. nih.gov/projects/geo/query/acc.cgi?acc=GSE5926).
Data analysis --differential expression
To assess which genes exhibit statistically significant up-or downregulation as a consequence of the different organic acid challenges, pairwise tests between each condition and the reference situation were performed. Thus, the gene expression levels as measured in the presence of each of the four organic acids were compared with the expression levels of the reference anaerobic cultures. For this, we employed the framework of significance analysis of microarrays (Tusher et al., 2001; Chu et al., 2006) . In an effort to reduce biological noise, a gene was called differentially expressed only if there was at least a twofold difference in average expression and its q-value was lower than the stringent median false discovery rate (FDR) of 0.5%.
As a result, each gene was represented by a discretized expression pattern of length four, indicating whether the gene was not differentially expressed (0), upregulated (1) or downregulated ( À 1) under each of the four test conditions. For example, a gene that had the following discretized expression pattern: A B P S 1 0 À 1 0 was upregulated due to acetate exposure (A) and downregulated in response to propionate (P), while the two other conditions, benzoate (B) and sorbate (S), did not significantly change the expression of this gene compared with the reference situation.
This discretized representation of the expression behaviour of a gene was used for further analysis. Although information density is reduced when going from the continuous expression levels to the discretized representation, much interpretability is gained when analysing the outcomes of the stringent statistical tests (Knijnenburg et al., 2007) . Furthermore, the discretized representation allows for a simple and meaningful way to cluster genes into functionally coherent groups.
Clustering genes
Gene clusters were created in three different ways to identify groups of genes that exhibit both overall and specific response to the different acids:
(1) Genes that had identical discretized expression patterns form clusters. Thus, the overall response of the genes in a cluster to the four organic acids is identical. The concentrations required to reduce the biomass yield to 50% of the reference condition (YRC 50 ) and the predicted concentration of undissociated acid at pH 5.0 (based on the Henderson-Hasselbach equation) are indicated along with the most commonly cited pK a and partition coefficient.
(2) Additionally, genes were grouped into clusters, when they were up-or downregulated in response to one specific organic acid, regardless of their expression behaviour under the other three test conditions. This led to four clusters of genes that exhibited upregulation under only one of the conditions, and similarly, four clusters of genes that were downregulated due to one particular stimulus.
(3) To investigate more thoroughly the acetate-propionate relationship and the benzoate-sorbate relationship, genes were clustered when they were either upregulated or downregulated under both acetate and propionate exposure, and similar for the benzoate and sorbate conditions.
Hypergeometric tests
The ( can bind the promoter region of the genes in a cluster much more frequently than in a random set of genes. In case of the employed gene annotation information it assesses if the number of genes in a cluster that belongs to a particular functional category within the MIPS database is much larger than would be expected by chance. The P-value cutoff to decide whether a relationship is significant is P 1/(n c n x ), where n c is the number of clusters and n x is the number of TFs (or TF pairs) or the number of MIPS annotation categories. Consequently, P-value cutoffs were different for assigning significance to functional categorization, TF binding and binding of TF pairs. This adjustment for multiple testing corresponds with a per comparison error rate (PCER) of one (Ge et al., 2003) , resulting in P-value cutoffs around 10 À5 .
Results
Effects of different organic acids on biomass yields in anaerobic chemostat cultures
Prior to performing steady-state chemostat cultures, trial runs were performed in which the concentration of each acid in the medium reservoir was titrated to reduce the biomass yield to 50% of the reference condition. For acetate, propionate, benzoate and sorbate, different concentrations were required to achieve this reduction of the biomass yield, even when the concentration of undissociated acid in the cultures was calculated from their respective pK a values (Table 1) . A strong correlation was observed between the amount of acid required to reduce the biomass yield on glucose by 50% and their octanol/water partitioning coefficient, consistent with the notion that membrane permeability of the undissociated acid is a key factor in weak-acid toxicity.
Using the concentrations of the acids deduced from the trial runs, triplicate anaerobic, glucose-limited chemostat fermentations were performed for each organic acid and compared with triplicate glucose-limited reference cultures without organic acids. The reduced biomass yield of the cultures grown with added organic acids was mirrored by an approximately twofold increase in the specific rates of ethanol and carbon dioxide production. In addition, the low but significant rates of lactate production observed in the reference cultures were approximately doubled in the cultures to which organic acids had been added. In S. cerevisiae, D-lactate is formed via the methylglyoxal bypass. Activity of this bypass of glycolysis has been shown to be correlated with glycolytic flux (Martins et al., 2001) , probably via the intracellular concentrations of dihydroxyacetone phosphate, the immediate precursor of methylglyoxal formation.
In anaerobic cultures of S. cerevisiae, glycerol formation serves as a redox sink for reoxidation of excess NADH that is formed in biosynthetic reactions (van Dijken & Scheffers, 1986) . Biomass-specific rates of glycerol formation were the same in all cultures, except for those with acetate addition, which showed a markedly reduced specific rate of glycerol production. In anaerobic, glucose-limited cultures, acetate can be converted to acetyl-coenzyme A (CoA) by the acetyl-CoA synthetase Acs2p (van den Berg et al., 1996) . Formation of this key precursor for the synthesis of amino acids and lipids from glucose is an oxidative process that yields NADH. The reduced production of glycerol by the acetate cultures probably reflects a previously proposed NADH-sparing effect of acetate cometabolism (Taherzadeh et al., 1996) . Because, under anaerobic conditions, dissimilation of acetate does not occur, only a small fraction of the acetate added to the reservoir media was consumed.
The residual concentrations of glucose in cultures grown with organic acids were higher than in the reference cultures. In microorganisms, the specific rate of consumption of the growth-limiting substrate q s often exhibits saturation kinetics with respect to its concentration C s . These kinetics can be described by the modified Monod equation
Þ. Thus, the increased rate of glucose consumption by the cultures may be at least partially responsible for the increased residual glucose concentration. However, despite the essentially identical rates of glucose consumption that were observed in the cultures to which organic acids had been added, the residual glucose concentrations were different for the four acid. (Table 2 ). This suggests the involvement of acid-specific effects on the expression and/or activity of genes/proteins involved in glucose consumption. In fact, uptake of 14 Clabelled glucose has been shown to decrease in response to benzoate and lactate challenges (Thomsson & Larsson, 2005) . As the residual glucose concentrations remained well below 5 mM in all cultures, no substantial impact of glucose repression on gene expression was anticipated (Walker, 1998) . Moreover, with the possible exception of genes involved in fatty acid oxidation, significant transcriptional changes in glucose repressible gene expression were not observed in the current study.
Transcriptome analysis: data quality and overall responses
The physiological analysis presented in the previous paragraph suggested that, although the dose-response relationships differed, the physiological effects on S. cerevisiae were similar for the four organic acids. To investigate whether this also held for the transcriptional responses to the four acids, the chemostat cultures were subjected to a full transcriptome analysis.
To obtain statistically reliable transcriptome data, triplicate chemostat cultivations and microarray analyses were carried out for each condition. The average coefficient of variation for triplicate arrays in each condition was below 18%, which is indicative of reliable, reproducible analyses (Piper et al., 2002) . A fold-change threshold of 2, combined with a false-discovery rate of 0.5 % was used to assess significance of changes in transcript levels. Using these criteria, a comparison of the acid-exposed cultures to the reference condition yielded 4059 genes that did not exhibit a significantly changed transcript level (Fig. 1 ). An additional 902 genes were not transcribed (average expression o 12) under any of the conditions tested. This left 1422 genes (22% of the genome) whose transcript levels were significantly modulated in response to at least one weak acid. Transcripts with identical discretized patterns (see 'Materials and methods') were grouped together prior to further analysis. For example, transcripts downregulated by all acids were represented by a discretized pattern [ À 1, À 1, À 1, À 1]. The 1422 transcripts whose level was modulated in response to weak acids yielded 45 distinct discretized patterns, 25 of which contained 10 or more genes. Significantly changed transcripts were identified for each acid following Affymetrix transcriptional profiling and data analysis using an FDR of 0.5% with a fold-change of 2. The data clearly indicate a large acidspecific response in combination with a very small response shared by cultures grown in the presence of acetate, benzoate, propionate or sorbate. ), this is not deemed significant with the stringent multiple testing correction. Interestingly, SOD2, which encodes the Mn-containing mitochondrial superoxide dismutase, and TIM44, which is involved in mitochondrial protein import (Geissler et al., 2000) , and possibly in removal of mitochondrial superoxide (Matsuoka et al., 2005) , were both upregulated in all conditions. Finally, a number of genes involved in DNA synthesis (SML1) and repair (RRD1, IMP2) were present within this group, suggesting that organic acids are capable of inducing DNA damage.
Similar to the common upregulated gene set, a set of 57 genes that showed consistent transcriptional downregulation for the four organic acids also failed to reveal overrepresented promoter elements. However, a hypergeometric distribution analysis of functional categories indicated a significant overrepresentation of genes involved in fatty acid oxidation (ECI1, POT1, SPS19 and YGR207C, P = 6.97 Â 10 À7 ). As described above for SOD2 and TIM44, the oxygen-dependency of lipid oxidation, combined with the anaerobic cultivation conditions, makes the physiological significance of this transcriptional response difficult to explain. Given that genes involved in fatty acid oxidation are very sensitive to glucose repression (Veenhuis et al., 1987; Gancedo, 1998) , the downregulation of this set may instead reflect the slightly elevated residual glucose concentrations in the acid-exposed cultures. However, raw expression values did not indicate any correlation between residual glucose concentrations and transcript levels. A number of genes involved in various transport processes at the plasma membrane level were also among the common downregulated genes. In particular, five of the genes, TAT1, MMP1, DIP5, AQR1 and MEP3, are involved in transport of amino acids and ammonium. TAT1, MMP1 and DIP5 function in uptake of amino acids and MEP3 encodes an ammonium permease while AQR1 has been implicated in amino acid excretion (Velasco et al., 2004) . In addition, transport of zinc (ZRT1), copper (CTR3) and even sterols (AUS1) is downregulated.
Rather unexpectedly, only a small number of genes pertaining to the translational machinery were identified in the common downregulated gene set. Of the 57 genes sharing common downregulation, only seven (MIP6, MRPL25, RPR1, SSF2, NIP7, SPP2, LSM7) were related to ribosome biogenesis or RNA processing.
Unique responses and coresponses to different organic acids: correlation with lipid solubility
The limited generic transcriptional response to the four organic acids, along with the lack of a regulon defined by a common known promoter element or upregulation of genes belonging to one or a few functional categories, is intriguing. Based on the discretized expression profiles ( 4 twofold change at 0.5% FDR) 561 genes showed a significant transcriptional response to two or three of the four acids. Hypergeometric distribution analysis was applied to evaluate statistically coresponses to all possible combinations of two acids. This approach established a clear correlation between the occurrence of common transcriptional responses to individual organic acids and their membrane solubility (octanol/water partition coefficients, Table 1 ). In addition to the strongly overlapping transcriptional responses to benzoate and sorbate, a highly significant overlap of the transcriptional responses to acetate and propionate was also identified (Fig. 2) .
Despite the overlap of the transcriptional responses to subsets of the four organic acids, many transcripts were uniquely regulated in response to the four acids used in this study. In total, 211 genes were identified as being uniquely upregulated by a single acid, while 579 genes indicated downregulation by a single acid. For each of the four acids, the unique transcriptional response consisted of over 100 genes. Propionate had the largest (395 transcripts) set of uniquely regulated genes, which corresponds to approximately half of propionate-responsive genes. In contrast, only 104 genes were specifically modulated in the presence of acetate, corresponding to slightly o 25% of the overall response to acetate. Similarly, the specific changes in sorbate and benzoate exposed cultures also comprised c. 25% of the complete response (Table 3) . Further evidence for acidspecific responses was found in the overrepresentation of functional categories (Table 4 ) and transcription-factor binding sites (Table 5 ) among the genes that responded to the four acids.
Benzoate-and sorbate-responsive transcripts
The genes that were transcriptionally upregulated in response to benzoate showed a significant enrichment for the MIPS functional category 'cell rescue, defence and virulence' and, more specifically, for the subcategories 'stress response' and 'cell wall' (Table 4 ). The sorbate-upregulated genes were enriched for the MIPS functional category 'interaction with the cellular environment' (subcategories 'cellular sensing and response' and 'chemoperception and response').
Analysis of overrepresented transcription-factor binding among the benzoate-upregulated transcripts (Table 5) corroborated a cell wall-related response to benzoate. The mitogen-activated protein kinase (MAPK) cascade transcription factors Dig1p and Ste12p are directly linked to pseudohyphal growth and cell wall processes. Moreover, Msn2p and Msn4p regulatory sites were also identified along with the enrichment of Skn7p and Swi5p binding. Skn7p has been implicated in the control of cell wall biosynthesis, cell cycle and the osmotic stress response in addition to its role in oxidative stress (Lee et al., 1999) . Overexpression of SKN7 suppresses the cell wall assembly mutation kre9 (Brown et al., 1993) and the growth defect associated with deletion of a regulator involved in cell surface assembly (Brown et al., 1994) .
The sorbate-upregulated genes showed an overrepresentation of many transcription factors (Table 5) . Although no overrepresentation of cell wall-related functional categories was observed for sorbate, several of the enriched transcription factors and transcription factor pairs were cell wallrelated. Sok2p has been implicated in cell wall stress (Lagorce et al., 2003) , while Ste12p and Tec1p of the MAPK cascade are associated with the regulation of cell wall integrity (Qi & Elion, 2005) and pseudohyphal growth (Gancedo, 2001 ). Dig1p (Rst1p) acts as a regulator of Ste12p (Tedford et al., 1997) . Previous studies by Mollapour et al. (2004) and de Nobel et al. (2001) corroborate the importance of cell wall proteins in the response of S. cerevisiae to sorbate and benzoate, although the identity of the genes found in the two studies is different. However, discrepancies in individual genes may be reflective of the difference between transient adaptive changes in gene expression and steady-state responses.
For the sake of brevity, we will not discuss the overrepresented functional categories and transcription-factor binding (Tables 4 and 5 ) for the downregulated genes in the benzoate and sorbate comparison. This, however, does not mean that the downregulation of the expression of these genes is not important for the response of S. cerevisiae to the various organic acids.
Acetate-and propionate-responsive transcripts
The acetate-upregulated transcripts revealed a significant overrepresentation of the MIPS functional category 'cell rescue, defence and virulence' and, more specifically, the Fig. 2 . The significance of the correlation ( À log P-value) between conditions was predicted using a hypergeometric distribution. Analysis of the upregulated genes (left panel) showed that the overlap between acetate and propionate is of most significance, followed by the overlap between benzoate and sorbate. With regard to the downregulated genes (right panel), the correlation between acetate and propionate is much lower, while the degree of benzoate/sorbate coregulation is highlighted by an extremely low P-value. subcategories 'stress response' and 'osmotic and salt stress response' (Table 4 ). The last of these subcategories was also overrepresented among the propionate-upregulated genes and among the genes that were upregulated by both acetate and propionate (Table 4 ). The propionate-upregulated transcripts showed a strong overexpression of the MIPS category 'metabolism' and, in particular, several subcategories involved in nitrogen and amino acid metabolism. A detailed investigation of the transcripts involved revealed many genes pertaining to biosynthesis and degradation of nitrogenous compounds, suggesting an overall upregulation of nitrogen turnover. Consistently, binding of the Gcn4p transcription factor, which is involved in the general control of nitrogen metabolism, was very strongly overrepresented Analysis of TFs which were identified solely in the indicated condition(s). Overrepresentation of binding sites for each TF is indicated by bold text in the upregulated (dark red) and downregulated (dark green) gene sets.
Multiple colours indicate significant enrichment of TFs in both up-and downregulated clusters. TF pairs which were significantly enriched in each condition are also listed within the table. The similarities between responses are also indicated for acetate/propionate and benzoate/sorbate. The significance of each category is numerically indicated as À log 10 P-value.
among the 252 genes upregulated in response to propionate (Table 5 ). The 168 acetate-upregulated genes showed an overrepresentation of binding for the general stress response regulators Msn2p and Msn4p. In addition, the consensus sequence of Hsf1p, a regulator of heat shock proteins and possibly cell wall remodelling (Imazu & Sakurai, 2005) , was abundant within the genes responding to acetate. Interestingly, a number of genes bound by Msn2/4p also respond to heat shock, which is consistent with the reported cross tolerance observed between mild acid stress and thermotolerance (Carmelo et al., 1998) . Binding sites for Cin5p, a regulator involved in chitosan resistance (Zakrzewska et al., 2005) , were also overrepresented among the acetate-upregulated genes.
Intriguingly, the same transcription factor was found to be overrepresented among the acetate-downregulated transcripts (Table 5 ). The 62 acetate-downregulated genes showed an overrepresentation of the MIPS category 'cellular transport, facilitation and routes' . Closer inspection revealed many genes belonging to the major-facilitator superfamily (MFS), indicating that reduced transcription of membranetransporter genes is an integral part of the response of S. cerevisiae to acetate. In sharp contrast to the propionate upregulated gene set, in which a plethora of transcription factors were overrepresented, the 528 genes downregulated on propionate showed no significant enrichment in functional categories and only a slight overrepresentation of a single transcription factor, Mcm1p, which plays a central role in formation of repressor and activator complexes (Elble & Tye, 1991) . Given that Mcm1p is involved in a number of different repressor and activator complexes, it was not surprising that this subset failed to display a discernible functional grouping (Table 4) .
Discussion Methodology
This study represents the first attempt to compare cellular responses of S. cerevisiae to different organic acids at concentrations of the acids resulting in an identical decrease of the biomass yield on glucose. This indicates that the amount of ATP required for maintenance of the intracellular pH (pH i ) and/or export of the anions increased drastically in comparison with the reference condition. Although the experimental setup used in this study does not provide insight on the transient changes in gene expression, which is reflective of the dynamic adaptive response to sudden changes in growth conditions, findings from this study can be used to facilitate functional analysis and increase the understanding under such conditions.
The relevance of this study might be challenged by stating that the concentrations of the weak acids did not result in complete growth arrest and that, therefore, the concentration of acids was not sufficient to induce any generic transcriptional responses. Although further dose-response work is definitely of interest, it is relevant to note that the concentrations of weak acids used in the present study were sufficient to (1) result in an over twofold change of the transcript level of more than 450 genes for each of the organic acids and (2) induce specific response mechanisms to the organic acids studied. Examples of the latter include the PDR12 gene, which, in agreement with previous studies (Piper et al., 1998; Hatzixanthis et al., 2003) , was strongly upregulated in response to propionate, benzoate and sorbate but not acetate, and induction by acetate of TPO2, which encodes a trans-membrane protein implicated in the active efflux of poorly lipophilic acidic anions (Fernandes et al., 2005) .
The present study was confined to the transcriptional level. However, it is known that relevant adaptations to organic acids (such as the activation of the plasma membrane ATPase, Pma1p; Serrano, 1983) may also occur posttranscriptionally. For example, such posttranscriptional 
Ã Genes containing the consensus binding sequence for War1p which were induced in response to sorbate .
w Genes of the Haa1p regulon which have previously been described as being particularly important for resistance to poorly lipophilic acids (Fernandes et al., 2005) .
responses may play a key role in the benzoate-induced tolerance to acetate and propionate (Warth, 1989) . Therefore, care should be taken to extrapolate the conclusions from the present study beyond the transcriptional level.
Comparison with known responses to organic acids and implications for current models of weak acid toxicity A number of genes and regulons which are of utmost importance to tolerance to organic acids have been extensively described in previous research. For example, Pma1p, which is responsible for maintaining intracellular pH via ATP-dependent efflux of protons, is paramount for growth in the presence of weak acids (Holyoak et al., 1996; Piper et al., 1997; Viegas et al., 1998) . The fact that the expression of PMA1 is unchanged in the current study (Table 6) does not contradict this as the basal expression level may be sufficient to provide the necessary Pma1p activity to prevent intracellular acidification. Alternatively, unchanged transcriptional expression may be reflective of posttranscriptional regulation (as described above). Strikingly, the gene encoding the negative regulator of Pma1p, HSP30, is differentially transcribed when the lipophilic and less-lipophilic acids are compared. In the presence of acetate and propionate, transcript levels of HSP30 are upregulated (Table 6) , whereas HSP30 is not upregulated in response to benzoate and is actually downregulated in the presence of sorbate. As maintaining the proton-motive force is more challenging for more lipophilic weak acids, these observations give further indication to the different modes of toxicity of these two groups of acids. Moreover, YRO2, which is a homologue of HSP30, is upregulated on sorbate, acetate and propionate (Table 6) , indicating a gap in the current understanding of the (posttranscriptional) regulation of Pma1p, Yro2p and Hsp30p. Aside from changes in pH i mediated by intracellular dissociation of free organic acids, the anion itself and the induction of energy-dependent efflux can influence energetics and other cellular processes. Previous research has outlined the toxic mechanisms of the anion and the export mechanisms that are activated to counteract the toxic accumulation of these anions. Namely, Pdr12p, belonging to the War1p regulon, has been implicated as a key determinant of resistance to moderately lipophilic weak organic acids (Piper et al., 1998; Hatzixanthis et al., 2003) . The protein encoded by PDR12 functions in the energy-dependent export of moderately lipophilic organic acid anions from the cytosol (Holyoak et al., 1999) . Indeed, PDR12 and a number of other genes that are dependent on WAR1 were upregulated in response to benzoate, sorbate and propionate (Table 6 ). Interestingly, the same genes are either unchanged or downregulated upon exposure to acetate (the least lipophilic acid in the present study). Consequently, the importance of PDR12 and other genes of the WAR1 regulon is again highlighted for moderately lipophilic weak organic acids.
Another regulon which has recently been identified as an important determinant of organic acid tolerance is the HAA1 regulon (Fernandes et al., 2005) . The expression pattern of this regulon is clearly distinct from that of the WAR1 regulon (Table 6) and the distinction appears to be correlated with membrane affinity. The involvement of both the HAA1 and the WAR1 regulons in response to propionate is especially intriguing considering that the membrane affinity of propionate is an intermediate between the poorly lipophilic acetate and the moderately lipophilic compounds benzoate and sorbate. Particular genes which are regulated by Haa1p may encode proteins that facilitate the export of poorly lipophilic anions. The most likely candidate is TPO2, which is upregulated upon exposure to acetate and propionate in this study. TPO2 (and TPO3) encode plasma membrane multidrug transporters that are known to promote the export of spermine (Albertsen et al., 2003; Uemura et al., 2005) . However, deletion of HAA1 or TPO3 in the presence of acetic acid resulted in increased lag times which were correlated with increased levels of intracellular acetate (Fernandes et al., 2005) . Therefore, analogous to War1p and moderately lipophilic acids, Haa1p may represent a key activator of defence mechanisms required for resistance to poorly lipophilic acids.
Transcriptional responses to weak acids: leads for functional analysis
Although the aim of this work was not to investigate the molecular mechanisms involved in the cellular responses to weak acids, the data set generated in this study may be applied to direct future functional analysis studies. For instance, the common upregulation of SOD2 in these anaerobic chemostats merits further exploration of the role of superoxide dismutases in anaerobic conditions. Although weak acids have been associated with the formation of reactive oxygen species (ROS) in aerobic cultures (Piper, 1999) , it is difficult to envisage such a link under the anaerobic conditions used in the present study. However, the identification of genes involved in protection against ROS is perhaps indicative of a physical interaction between the mitochondria and weak acids, which results in damage or disruption of the mitochondrial membrane and ultimately leads to increased ROS production in the presence of oxygen.
The importance of the cell wall has also been highlighted in this study. Although the cell wall is not generally considered to be a protective barrier to small molecules due to its porous nature (de Nobel & Barnett, 1991) , the consistent identification of cell wall-related genes in response to organic acids suggests otherwise. For example, SPI1 has been shown to have a prominent role in weak acid tolerance (Simões et al., 2006) , while YGP1 and SPI1 showed increased expression in response to low pH (pH 3.5 vs. pH 5.5), in conjunction with increased expression and immobilization of Pir-related cell wall proteins (Kapteyn et al., 2001) . Furthermore, increased presence of mannoproteins in the cell wall was correlated with decreased cell wall porosity, a characteristic that has been mainly attributed to the bulky mannan side-chains (de Nobel et al., 1990) . Indeed, deletion of several mannosyltransferase-encoding genes has been shown to result in hypersensitivity to sorbic acid . However, the transcriptional regulator Rlm1p, a key regulator of cell wall integrity (Levin, 2005) , was not among the enriched transcription factors in this study.
In the presence of sorbate, Ste12p and Tec1p, which are both final targets of the Ras2p-activated signalling cascade that regulates pseudohyphal growth (Gancedo, 2001) , were among the upregulated transcription factors. Although nitrogen starvation (Gimeno et al., 1992) and various environmental stresses (Zaragoza & Gancedo, 2000) have been shown to induce such morphological changes, microscopic inspection did not show pseudohyphal growth in the reference or acid-challenged cultivations in this study. Consequently, this may represent a previously uncharacterized relationship between regulators of pseudohyphal growth and weak organic acid tolerance.
Although the identity and function of the affected genes was different, the less lipophilic organic acids caused significant transcriptional responses of genes involved in nitrogen metabolism or transport (Table 4 ). Propionate induced upregulation of genes involved in biosynthesis and degradation of various nitrogen-containing compounds including amino acids, while acetate caused a downregulation of the transport of several amino acids. These observations provide a strong incentive for further studies on the relationship between these weak acids and central nitrogen metabolism. This is especially intriguing given the fact that the ACS1 gene, which encodes an acetyl-CoA synthetase that can also activate propionate (van den Berg et al., 1996) , was only upregulated in the presence of propionate. Consequently, the effect on central nitrogen metabolism is mediated either by propionate itself or by an, as yet, unknown metabolite. However, propionate concentrations were identical in the growth medium reservoir and the culture supernatant, which suggests that propionate itself is the cause. Further work is required to investigate whether the effect of propionate and acetate on amino acid biosynthesis are due to specific effects on individual metabolic pathways (such as the acetate inhibition of methionine biosynthesis in Escherichia coli; Roe et al., 2002) or to general effects on regulatory networks involved in nitrogen metabolism.
Finally, the common downregulation of membrane transport processes is noteworthy. Downregulation of amino acid transport is consistent with the observations of Bauer et al. (2003) , indicating a general disruption of aromatic acid uptake. However, the current data indicate a more general limitation of membrane transport processes that is probably initiated in an attempt to reduce the diffusional entrance of weak acids. Such an aspecific response is somewhat counterintuitive as the reduced uptake of nitrogenous compounds along with sterols and heavy metals is bound to have farreaching, and possibly negative, effects on yeast metabolism. Consequently, detailed studies of the signalling mechanisms that trigger such a seemingly broad response and the secondary effects of the resulting reduction in nutrient uptake are imminent.
A minimal generic transcriptional response to weak acids: implications for applied research Although a comparison of physiological parameters (yields, fluxes) suggested a similar response to benzoate, sorbate, acetate and propionate, large differences were found with respect to the transcriptional responses to these weak acids. Indeed, when challenged with different weak acids under the experimental conditions applied in the current investigation, S. cerevisiae does not exhibit extensive similarities in transcriptional modulation that can be characterized by a common functional category or transcription factor activation/repression. The consequences of these findings are that the often-used term 'weak-organic acid stress' should preferably be avoided and that the use of individual organic acids as 'model compounds' for general responses to organic acids should be treated with caution. Instead, molecular analysis of the response to weak acids should take into account the unique responses to individual acids.
Although care should be taken to extrapolate from transcript profiles to in vivo cellular processes [a changed transcript level is not necessarily indicative for a changed in vivo activity of the encoded protein (Daran-Lapujade et al., 2004; Rossell et al., 2006; Kolkman et al., 2006) ], our observations strongly suggest the possibility that the toxicity of weak acids involves overlapping but unique sets of cellular targets. Although the synergistic interactions and physiological responses have previously been investigated for various combinations of acids (Narendranath et al., 2001; Savard et al., 2002) , the underlying transcriptional changes have yet to be determined. From an applied point of view, this study suggests the likelihood that different weak acids may act synergistically due to the fact that they induce dissimilar transcriptional responses. Therefore, understanding the interaction between acids at the transcriptional level could lead to improved strategies for growth inhibition at reduced concentrations of these preservatives.
